■ • K 52406 

CASE riLP 
CORY 



TECHNICAL NOTES 
NATIOIIAL ADVISOHY COMMITTEE FOR AERONAUTICS 



No. 40 5 




THE USE OE LASOE YAL7E OYEHLAP 11^ SCAVSKGI1\'C- 

A SUFERCEARCtED STAR!:- I git it I OIT SITGIITE USING EUSL irJSCTIOH 

Bj' Oscar 71. Sclie-- and Alfred W. lowng 
Langley Ivlemorial Aeronautical La'boratory 



FILE COPY 



WashiiurtoJO, D. 0, ' 

Wa sliingt on 
April, 1932 



UATIOITAL AD'-ISOHY C0MMITTS3!] ?0E AERGNAUTICS 



TECHNICAL ITCTE 110. 406 



THE USE OE LAECtE YALVE GYEHLAF IN SCAYEITGINa 
A SUFERCEARC-ED S?AE?:- 1 G-l'IT 1 0'^ El\faiiTE USINQ EUEL IITJECTION 
Ey Oocar Scliey and Alfred ^. Young 

I BR / 



This invest i^:at ion was conducted to deteriTiine the 
effect of more complete scavenging; on the full throttle 
pov;er and the fuel conGumption^ of a four- stroke-cycle en- 
gine. The IT.A.C.A. s ingl e- cyl inder universal test engine 
ec^uipped with l)0th a f uel- inj ec t i on system and a carlDuretor 
was used. The engine -i.s sccivenged "by using a large valve 
overlap and maintaining a pressure in the inlet Eianifold of 
2 inches of mercury acove atmospheric. The maximum, valve 
overlap used was 112^. Tests were conducted for a range of 
com.pression ratios from 5.5 to 8.5. EzceiDt for variable 
speed tests, all tests were conducted at an engine speed of 
1,500 r.p.m. The. r esi"-it s of the tests show that the clear- 
ance volume of an engine can "be scavenged "by using a large 
valve overlap and about 2 to 5 inches of mercury pressure 
difference betv/een the inlet and exhaust valve. With a 
.fuel- inj ect ion system, when the clearance volume was scav- 
•enged, a b.m.e.p. of over 135 pounds per scuare inch and 
a fuel consiimption of 0.45 pound per brake horsepower per 
hour were obtained with a 6.5 com-pression ratio. An in- 
crease of appr oxim.at ely 10 pounds per square inch b.m.e.p. 
was obtained witii a f uel- inJ ec t i on system, over that with a 
carburet or . 



IlITHODUCTION 



Scavenging is the process of rem.oving the exhaust 
gases from, an engine. In the conventional four-stroke- 
cycle engine all the exhaust gases except those in the 
clearance space are forced out of the cylinder by the 
piston. on the exhaust stroke. Consequently, the engine 
Can not induct a charge of greater volume than that of 
the displacement volume; whereas, if the clearance volume 
could also be scavenged, the engine could induct a fresh 
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charge equal to the displac er.ient pl>s the clearance volume. 
The ratio of the power with corapQete scavenging to that 
with norr^al scavenging: shoiild be ecual to the ratio of the 
volriLies of the fresh charge, or r/(r-l), where r is the 
c 0 mp r e 3 s i 0 n ratio, 

jjMring the tests recently condr.cted hy the Goiunittee 
(reference l) to inv e s t i^^3:a t e the valve timing of a super- 
char{v,ed engine at altitude and an unsr.per charged engine 
at sea level, a scavenging "blower was connected to the 
©xhaust side of the engine in order to simulate the re- 
duced exhaust pressures at altitude. In addition to the 
information ootained on valve timing, the^e tests show 
that at a compression ratio of 5.35 with the ezhaust pres- 
sure reduced to that corresponding to an altitude of 13,000 
feet the "b.m.e.p. is increased 14 per cent. For this con- 
dition approximately 50 per cent of the exhaust gases were 
removed from the clearance space. Connecting the scaveng- 
ing "blower to the engine exha-^st is not a practica"ble meth- 
od for scavenging the engine becaiise the power reqiiired to 
operate the blower would be greater than the corresponding 
gain in engine power. 

As the superchargers now in use on engines of high 
power output could also be used as scavenging blowers, the 
engine induction system would not be further complicated, 
and the supercharger would instead serve a twofold purpose. 
To scavenge the cleara^ice volume the valve tim.ing of the 
engine would have to be changed so that both the intake 
and the exhaust valves are open during the last part of the 
scavenging stroke and the first part of the intake stroke. 
With this valve overlap the dead gases are blown out of the 
cylinder when the^^ occupy the minimum volume. For this 
■ condition a large amount of the burnt gases in the clear- 
ance volrime can be rem.oved with a ::iinim.um loss of incomiing 
charge. The carburetor s'hould be replaced with a fuel-in- 
jection system so that the time of injection of the fuel 
co^^ld be controlled. It wo^iid undoubtedly be im.possible 
to scavenge appreciably and to boost an engine equipped 
with a conventional carburetor without carrying some of 
the fuel out through the exhaust. 

The use of a fuel- in j ect ion system instead of a 
carburetor for engines operating on the Otto cycle has 
been extensively investigated by the Com.mittee during the 
past year. Such a system, is suited to the ^ise of ^safety 
fixels" having a high flash point as well as of gasoline. 
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Power output practically equal to that vnth gasoline has . 
"been ohtained using a hydrogenated safety fuel, althoiigh 
the fuel consumption is somev^hat greater. During these 
tests it was found that the hest performance was obtained 
when the start of the fuel injection period was from 50^ 
to 70^- after top center on the suction stro'iie* With this 
inj ect ion- t iming it is reasonable to c-^ssuine that the scav- 
enging can he completed and the exhaust valve closed oe- 
fo.re any fuel is injected into the com.hustion chamo er . ,. 

Tests on valve timing (reference l) shovvod that the 
power of an engine can "be increased hy advancing the time 
of intalce opening .and that the power is not greatly af- 
fe^cted "by retarding the. time of exhaust valve closin.-;. 
Therefore it is reasonable to suppose that a large valve 

.overlap can "be used without sacrif.icing performance of the 
individual cyl inders . The effect of a large number of 
cylinders operating with a large valve overlar. or long in- 
take and exhaust periods would have to be con^jidered in 

•the design of the induction and exhaust systems. Most of 
the present tests were made at an engine speed of 1,500 
r.p.m. using a f uel- in j ec t i on systei.i and using as a fuel 
domestic aviation ga s o 1 ine ( 7 3 • i s o o c t ane number) .plus 10 
cubic centimeters of ethyl fluid per gallon. These tests 
covered a range of compression ratios of 5.5 to 8.5 and 
two inlet pressures r atmospheric and 2 inches of mercury 
boost. A few tests were also made at 5-5 compression "ra-r 
tio with engine speeds of 1,200 and 1,800 r.p.m. with oth- 
er conditions the same as in the preceding tests. Tests 
with no ethyl fluid in the gasoline were made, at 5.5 and. 
6.5 compression ratios, at atmospheric inlet pressure, and 
at a speed of 1,500 r.p.m. The tests with the carburetor 
were made at 5.5 compression ratio and a speed of ..1,500 
r.p.m. The tests with carburetor were conducted with nor- 
mal valve timing and with a valve overlap of 112^,. while 
the tests with f uel- in j ec t i on system Y;ere conducted with 
a valve overlap of 112^. All tests were made at frill open 
thr ot tie. 

DESCRIPTION AND METHOD 



These tests were carried out v/ith the N.4:.C.A. uni- 
versal test engine, which is completely .described in ref- 
erence 2. A cross section of the comibustion chamber of 
this engine is shown in Figure 2. An electric dynamometer 
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is -.ised to a't'sor'b the en:_^ine yQ^er. The compression 
ratio>. valve lift, and t iy.ie . of . op ening • and closing the 
valves can all "be vari ed . independently . The carhuretor 
which is visually used.7:ith this e..i.i;ine was left in place 
and its throttles -rere used to coatrol the air supply for 
starting, A Hoots t3.^pe supercharger driven "by an elec- 
tric r.otor supplied the engine with air at greater than 
atmospheric pressure, Tt70 tanks r/ere placed in the air 
duct hetTreen the supercnarger and the engine to damp pres- 
sure pulsa^tions. Figure 1 sho^s the set-up. 

A comr.er cial fuel- inj ect ion p":>:::p ras driven from the 
crankshaft through, a 2:1 reduction g^^ar, "rhich- also served 
as a timing mechanism. A spring-loaded automa'tic-in.j ec- 
tion valve (fig. 2) set to open at a pressure of 3,000 
pounds per square inch v:as used in the top- spark-plug hole. 
The other tv70 holes rere used for the spark plugs of the 
douhle ignition system. The nozzle of the injection valve 
had seven orifices located to give a spray in a plane 
parallel to the crankshaft. This injection valve and noz- 
zle '-ere selected after several types-.had "been tried, 

Before the tests herein reported were conducted, the 
valve lift was set at thr ee-eight;as inch and numerous runs 
were m.ade to determine the "best valve timing. The settings 
finally decided upon were as follows: inlet opens 60^ "be- 
fore top center, inlet closes 27^ after hottom center, ex- 
haust opens 47^ tefore hottom center, exhaust closes 52^ 
after top center. The events occurring at the "bottom of • 
the stroke were prooahly not timed quite as well as was . 
possiDle, for they were at the limit of their adjustment, 
hut from the data presented in reference 1,. it seems proha- 
"ble that they were not displaced far enough from the.ir opti- 
mum, positions to affect the engine power appreciaoly. The 
events at the top of the stroke were a.t appr oxim.at eiy their 
cest positions, hut their timing was not critical within 
5^ or^lOO. 

The adjustal^le pump-drive gear was set to give in- 
jection of fuel at the tim.e that gave maximum power, and 
the actual tim.e in the cycle at which injection occurred 
was determiined hy m.eans of a " Str o Qoram-a" • Injection 
started- at 70^ after top center on the suction stroke; the 
duration of injection was from 70^ to 30o, according to the 
fuel quantity. 
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The torque at the dynamoraet er read directly from 

dial scales, and the fiiel consumption and engine speed 
were determined from the readin§;s of an electrically oper- 
ated counter a"nd stop -atch, Tvhich were connected to the 
fuel scales and gave the time and the ntimher of engine 
revolutions req'oirod to use a given weight of fuel. For 
all conditions for v;hich the fuel consumption vas desired 
a series of at It-^ast three r'ans was made with fuel ratios 
•varying from slightly richer than necessary for maximum 
power to lean enough to cause a dcjcided drop in.pov/er. 
The ignition timiing was set for maximum power whenever a 
change was made in the compression ratio. The maximum 
cylinder pressures were measured with a modified Farnboro 
electric indicator, (Reference 3.) 

A short series of tests was made using the carburetor 
instcad^of the fuel- in j ec t ion system. The carburetor 'used 
was a- Stromberg model to v;hich a needle valve had 

been added to give ready control of the mixture strength. 
An autom.atic regulating valve miaintained the gasoline' feed 
at a constant pressure over that of the inlet air. The 
carburetor runs were ir.ade with the needle valve adjusted 
to give the maximum, power at full throttle with the least 
fuel oonsumxpt ion. For each condition the optimum ignition 
timing was used except for the 8.5 compression ratio, which 
necessitated retarding the ignition to eliminate detonation. 

RESULTS AND DISCUSSIOIT 

In this investigation the scavenging pressures for 
practically all tests wit?i the fuel- in.i ect ion system were 
limited to 2 inches of m.ercury because the injection pump 
did not have sufficient capacity to supply fuel for the 
combustion of miore air. The scavenging pressure for tests 
with the- carburetor was limited to 6 inches of mercury. 
Figure 3 shows' the b.m.e.p. and 'the specific fuel consump- 
tion obtaine-d with different degrees" of boost with a fuel- 
injection system and with a carburetor when the engine is 
operated with a large valve overlap. Similar perform.ahce 
data are shown for this engine with a carburetor when 
operating with standard Liberty timing or no valve overlap. 
No' 'correct ion has been made for the ' power r equired to drive 
the supercharger for any of the data presented.. This cor- 
rection, however, would be very smell, probably not over 2 
or 3 per cent of the total engine- power at "2 inches of m.er- 
cury boost. It is reasonable to assume that some improve- 
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ment in scavenging must be olDtained with no boost pres- 
sure, or there would not be so great a difference between 
the b.m.e.p, with no valve overlap and the b.ni.e.p. with 
.a valve overlap. For the condition using a large valve 
overlap the b.m.e^p. at first increases with boosting at 
a miich greater rate than with no valve overlap. For 
pressure differences between the inlet and the exhaust of 
more than 4 or 5 inches of mercury, the point where the 
curve indicates that the engine is almost completely scav- 
enged, the rate of increase should be the same with either 
valve timing, with the actual value for the scavenged en- 
gine higher by a constant amount depending on the com- 
pression ratio. The f uel- in j ec t i on system gives approxi- 
m.ately 10 pounds per square inch b.m.e.p. miore than the 
carbYiretor. The specific fuel consum.ption for a carbu-r 
rated engine with no valve overlap and for a fuel-injec- 
tion engine with a valve overlap decreases with the boost 
pressure.; whereas, the fuel consumption for a carbureted 
engine with a large valve overlap increases with the boost 
pressure. The fuel consumption for the latter condition 
increases when the boost pressure is increased because 
some of the m.ixture is wasted in the scavenging process. • 

The effect of a large valve overlax^ on the b.m.e.p, 
and the fuel consumption at various compression ratios 
with fuel injection is shown by the ciirves in Figure 4, 
These curves show that the scavenging of an engine results 
in a large increase in power and an appreciable improve- 
ment in fuel consumption. The actual quantity of fuel in- 
jected per cycle, however, is greater when the engine is 
scavenged and boosted because the weight of air inducted 
is greater. It will be noted that with a m.ore completely 
scavenged and boosted engine excellent economy can be ob- 
tained with exceptionally high power outpiit. For instance, 
at a compression ratio of 5.5 and 2 inches of mercury boost 
the b.m..e.p. is 178 pounds per square inch and the fuel con- 
sumption 0.51 pound per brake hoiserjower per hour, as com^- 
pared with a b.m.e.p. of 1*45 pounds per square inch and a 
fuel consumption of 0.54 pound per brcike horsepower per 
hour for a carbureted engine operating v:ith no valve over- 
lap. (Fig. 3. ) 

Figure 5 shows the results obtained at com.pression 
ratios of 5.5 and 6.5 with domestic aviation gasoline com- 
pared with those obtaiiied with domestic aviation gasoline 
plus 10 cubic centim.eters of ethyl fluid per gallon. At 
a compression ratio of 5.5 very little im.provement is 
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noted in fuel consumption or poT^er; v^hereas, at a com- 
pression ratio of 6.5 the pO'ver and fuel consumption are 
considerably hetter with doped fuel, Althou^^h no tests 
r:ere made to determine the amount that the pressure at 
the intake could he increased v^ithoiit detonation rith do- 
mestic aviation gasoline, it is helieved that at a com- 
pression rat jo of 5,5 the hoost pressure could oe iii- 
creased at least to 2 inches of mercury. 

Although most of the tests vere conducted v^ith suf- 
ficient ethyl fluid to elim.inate detonation, a fcj^ tests 
were made with no ethyl fluid in the ^-asoline. There was 
no audlDle difference in the tendency to detonate with an 
enj^^ine having a scavenged clearance voliTme as compared with 
one that is not scavenged. 

The curves in Figure 6 sho?/ the effect on power and 
fuel consumption of operating at speeds of 1,3C0, 1,500, 
a-nd 1,800 r.p.m. The hest performance was oht.ained at a- 
speed of' 1,500 r.p.m. and the poorest performance at 1,200 
r.p.m. This large difference in p erf ori':anc e may. he caused 
hy the length of either the inta>:.e or ez-haust pipe or ooth. 
Previous tests have shown that at 1,500 r.p.m. the inlet 
pipe used was m.ore favorahle to high output than was no in- 
let pipe, and it is entirely possiole that the exhaust pipe 
exerted a similar effect. 

The explosion pressures were 650, 810, 870, and 830 
pounds per square inch for a scavenged engine with 2 inches 
of mercury hoost at compression ratios of 5.5, 6.5, 7.5, 
and 8.5. The explosion pressures for the 8.5 compression 
ratio were low because it was necessary to retard the spark 
to preven.t detonation. 

The operation of the engine was normal except at i- 
dling speeds. It is believed the idling could be imiproved 
by reducing the volum.e between the throttle and the intake 
port. With the present volum.e when the throttle is closed 
the exhaust gases from the cylinder flow into the intake 
pipe. On the following stroke these dead gases are in- 
ducted into the combustion chamber. The varying amount of 
these dead gases present for each cycle causes the engine 
to idle poorly. With the fuel- inj ect ion system and no 
valve overlap the engine idled satisfactorily. 

M.££ll§.aicaA_£ons iderat^ - The valve timing that is 

best for a supercharged engine at sea level is not neces- 
sarily the best at altitude because at altitude the pres- 
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sure difference iDetireen the intake and the exhaust .valve 
is greater. >. Furtherr;io l-o , the ' imp-cr tance ' of Using a:Scay- 
eng.ing iDlorrer decreases as -r/^e 'alsitude increa ses fDecause 
there is less exhaust .gas in the clearance Voluirie; the ex- 
haust pressure hoin^ less. At" an' altitude of 18,000 feet 
there is aprroxir^a. t ely 50 per cent" hy weight less exhaust 
g'as. in zliQ clears. 'ice volurne at -the end of the scavenging 
stroh..^ than there is at sea level-, hen'ce, the increase in 
po-;er due to scavenging the .-jngiha should "be only 50 per 
cent of what it is at sea level, Secaiise the pressure 
difference oetreen the intake and exhaust increases with 
an increase in altitude on a super charge-i" engine the a-- 
mount of corrnj^r es sed air vjasted would have to "be considered 
in the timin.^' of the engine operating at high altitude* 
This wasted air need not he * cons ider ed f or engines oper-- 
ating at moderately low altitudes. 

For engines eq_uipped with tur oosuperchar.:- 6:r s the im- .. 
provement due to scavenging would be ohtained at all alti- 
tud,es up to the critical altitude provided -that the pres- 
sure at the intake could he naintaixxed a few inches of 
mercury higher than the pressure at the exhaust. To 'oh~ 
tain the test resiilts with a turhosupercharger it may he 
necessary also to use a geared supercharger with a small 
co-mpression ratio to give the necessary pressure difference. 

The cylinder overlap must he considered also so that 
one cylinder does not starve another cylinder. It is "be- 
lieved that this difficulty with a fuel injection could he 
overcome hy connect ing each cylinder through a short in- 
take into a comriion reservoir. The reservoir should he suf- 
ficiently large so that pressure fluctuations would not 
appreciably affect the charge to er-ch cylinder. Any ram- 
ming action obtained with long inlet pipes due to the ki- 
netic energy of the air could be compensated for by slight- 
ly increasing the pressure in the reservoir. 

The fuel- inj ect ion system, is more complicated than 
the carburetor, but it has som.e important advantages, .'in 
most carbiareted engines some of the cylinders receive a 
richer mixture than others. This Linequal distribution' 
means that all of the mixture must be enriched until the 
leanest m.ixture which any cylinder receives is not too lean. 
Because better distribution can be obtained T/ith a fuel-in- 
jection system^ than with a carburetor, the fuel injection 
should be more economical and give better accelerat ion. and 
smoother running. 
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COHCLUSIONS 

T.he- • result s p I thes e. t es t *s' indicate::" 

lo* That the clearance volume of a conventional. • 
f our-- st roke~c;:cle engine can he scavenged by using a.. 
l,ar.e.e valve ovqrlap and a pressure difference of from 
2 to 5: inches of .inerciiry' hefTveeii the intake' an-d the . 
exhaust valve. 

2. That this improvement in the scavenging results 
in a lar^^e increase in power and slight decrease in fuel 
c on sump t ion. 

3. That an increase of approximately 10 pounds per 
square inch o.m.e.p. nvas obtained T7ith a fuel- inj ect ion 
system over that of a carburetor. 



Langl ey k'emor ial Aeronaut- ical Lahora t ory , 

National Advisory Committee for Aer ona\it i c s , 
Langley Yield, Va., January 25, 1932. 
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Fig. 3 Power and ftiel consimpticn at 5.5 ccmprossion 

ratio with 112^ valve overlap for "both fuel 
injection and carhurctor operation and without overlap 
using the car "bur e tor. 
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X 8.5 to 1 ccnrpression ratio 

^ 7.5 to 1 " " " 

^ 6.5 to 1 " " 

O 5.5 to 1 " " 
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Fuel qiian t i ty , It . / cy cl e 



Fig. 4 Power and fuel consTunption with 112^ yalve overlap and 

fuel injection for different compression ratios and l^oost 
pressures. 
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Fig. 6 
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B Power and fuel cons^jjnption at different speeds and "boost 
prcGGures for & compression ra.tio of 5.5 when operating 
with 112^ valve overlap and fuel injection. 



